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Abstract
Non-denaturing electrophoresis of alkaline dissociated 
hemocyanins (Hcs) demonstrates that crustacean Hcs are usually 
composed of several distinct monomeric subunits. The subunit 
compositions of these Hcs are species specific and presumably 
influence the 02 binding characteristics of the molecules. 
The relationships between the subunit composition and the 02 
binding characteristics of Hcs from closely related species 
have been studied here (32 species from 9 families). The 02 
binding characteristics of the purified Hcs were determined 
by tonometry at 2 0° C using an aliquot of a pooled sample from 
a number of individuals. The subunit compositions of the Hcs 
were determined by alkaline dissociation electrophoresis using 
an aliquot of the same pooled sample. The 02 binding 
characteristics of the Hcs are species specific. Typically, 
the 02 affinities of the Hcs from closely related species are 
significantly different while the Bohr shifts and 
cooperativities are not. Respiratory properties are related 
to phylogenetic and environmental features. The subunit 
compositions of the Hcs are also species specific and display 
phylogenetic relationships. However, even among the most 
closely related species the subunit compositions differ 
substantially. The data suggest that, while the subunit 
compositions influence the 02 binding, substantial differences 
in subunit composition may occur without having a 
physiologically important effect upon 02 binding.
ix
STRUCTURE AND FUNCTION OF 
CRUSTACEAN HEMOCYANINS
INTRODUCTION
Arthropod hemocyanins (Hcs) are copper containing, 
polymeric, 02 transport proteins which exist in vivo as 
hexamers ( 1 x 6  monomers) and multi-hexamers (for review see 
Van Holde and Miller, 1982). The tertiary structures of the 
monomeric subunits are highly conserved (Linzen et aJL., 1985). 
However, separation of the monomers by non-denaturing 
electrophoresis demonstrates that they are highly 
heterogeneous (Lamy et al. , 1979; Markl et al. , 1979;
Herskovits et al. , 1981; Larson et al. , 1981; Markl and
Kempter, 1981; Mangum and Rainer, 1988; Neuteboom et al. , 
1989) . The subunit compositions of the Hcs are species 
specific and are believed to be characteristic of the family 
(Markl, 1986).
Markl (1986) has studied the subunit compositions of a 
large number of arthropod Hcs representing many different 
families using non-denaturing and immunoelectrophoretic 
techniques. He has proposed a classification of the monomeric 
He subunits which is believed to reflect the structural role 
and genetic relationships of the subunits from taxonomically 
diverse groups. According to this classification, the 
polypeptide chains of anomuran Hcs are electrophoretically
2
3homogeneous; they cross react with both of two (alpha and 
beta) immunologically distinct chains in astacurans, and are 
therefore classified as alpha/beta chains. Brachyuran Hcs may 
be composed of as many as three immunologically distinct 
monomers; called alpha, beta (usually the most cathodic) and 
gamma (usually the most anodic). Alpha and gamma chains are 
believed to be allelic whereas, in brachyurans, beta chains 
are believed to be coded at a different locus (Markl, 1986) .
The subunit compositions of the Hcs from closely related 
species, however, have not been widely studied. The 02 
binding characteristics of the Hcs from a few congeneric 
species have been studied under identical experimental 
conditions (Burnett et al. , 1988) . However, a systematic
survey of the function of a large number of Hcs from 
congeneric species has not been performed. Finally, the 
interspecific relationship between subunit composition and 02 
binding of the Hcs has not been investigated.
The 02 binding characteristics and subunit compositions 
of Hcs from eight clusters of closely related crustacean 
species have been examined here. Within each cluster the 
blood samples of each species were examined under identical 
conditions. The results have been compared in terms of 
geographic, ecological and taxonomic distribution.
MATERIALS AND METHODS
The 0 2 affinities and subunit compositions of the Hcs 
from 32 species of decapod crustaceans were studied (Table 1). 
Blood was removed through the arthrodial membranes using 
hypodermic syringes and allowed to clot. Following clotting 
the samples were homogenized with glass tissue homogenizers 
and centrifuged at c_a. 13 , 000 x g for ca. three minutes to 
remove the clot and other debris. The samples from all 
individuals within a species were pooled. The pooled sample 
was then divided into two sub-samples. One aliquot was 
immediately frozen and later used to determine subunit 
composition. The other aliquot of the original sample was 
not frozen and was used to determine the 0 2 affinity (log P50 ) , 
coope ra t i vi ty ( n 50 ) and Bohr factor (Alog P50 / A pH). The 
exceptions were the blood samples from Gnathophausia g i g a s . 
Gnathophausia i n g e n s , Portunus s p i n i m a n u s , Panopeus lacustris 
and Cataleptodius f l o r i d a n u s , which had been frozen prior to 
making the 0 2 binding measurements.
0 2 binding
The pooled blood samples were dialyzed (Spectrapor high 
speed membranes) for 12 hours at 4° C against either a
4
5physiological saline or 33 °/0O seawater. The dialyzed
samples were then diluted in a 0.05 M Tris buffered 
physiological saline (50 ul blood / 2 ml saline) which was 
adjusted to specific values within the desired pH range with 
HC1 and NaOH. The saline varied depending upon the group of 
animals being studied; however, the Hcs of all species within 
a family were dialyzed against a common saline. The ionic 
compositions of each of the salines are noted in the legends 
of figures 1 - 9 .
The 02 affinities of the dialyzed, diluted samples were 
determined by tonometry (Burnett, 1979) at 20° C. Initially, 
the samples were exposed to N2, (grade 5.0, further purified 
with oxysorb) to deoxygenate the sample. Following
deoxygenation, the samples were exposed to mixtures of air 
(dry and scrubbed of C02) or 02 and N2, prepared with a Wostoff 
gas mixing pump. The changes in light absorbance which 
accompany the changes in the oxygenation state of the Hcs were 
measured spectrophotometrically at 340 nm with a Milton Roy 
Spectronic 50 spectrophotometer. The measurements were 
performed following a 45 minute equilibration with N2 and 10 
minute equilibration with each of the gas mixtures. The data 
between 25 and 75 % oxygenation were logistically transformed 
using the Hill equation, [ log(y/l-y) ]/log P02. Log P5Q and n50 
values were calculated from transformed data. Regression 
equations were derived for the relationship between log P50 and 
pH in the linear portion of the curves, usually between pH
67.2 and 8.0, and 95% confidence intervals were computed for 
the slope and the regression lines. The 02 affinities of the 
Hcs are considered significantly different if the 95% 
confidence intervals of the regression lines do not overlap. 
The Bohr factors were considered significantly different if 
the 95% confidence intervals calculated for the slope of the 
regression lines do not overlap. The mean n50 values (+ S.E.) 
for the He of each species have been calculated and compared 
using Students t test at P > 0.05.
Electrophoresis 
The samples were thawed and diluted with a stripping 
buffer (0.05 M Tris, 0.05 M EDTA, pH 8.9) that dissociates the 
native He polymers into their constituent monomeric subunits 
(Mangum and Rainer, 1988). The He subunits were separated by 
non-denaturing polyacrylamide gel electrophoresis (PAGE) as 
described by Mangum and Rainer (1988). Numerous
concentrations of dissociated He were electrophoresed in 
preliminary tests to determine the concentration which yielded 
the best results for each species. The concentration of He 
used was not the same for each species, however, the He 
concentration was similar within a species cluster. The 
samples from species within a species cluster were then placed 
on the same gel. The blood samples of all species were then 
electrophoresed at the same time in a Hoeffer electrophoretic 
chamber on two 1.5 mm thick gels or four 0.7 5 mm thick gels.
7The gels consisted of a 3 % stacking gel (pH 6.8) over 
a 12.5 % resolving gel (pH 8.9) and were run for 7 - 1 2  hours 
with a constant current of 15 mA/gel (0.75 mm thick gels) or 
30 mA/gel (1.5 mm thick gels). The upper buffer contained 
Tris-glycine and was adjusted to a pH of 8.1. The lower 
buffer contained Tris-HCl and was adjusted to a pH of 8.9. 
The gels were stained for protein using Coomassie blue (G- 
250) , as described by Bruyninckx et al. (1978) , and destained 
in a solution of 58 mis of acetic acid, 112 mis of methanol 
and 800 mis of distilled water. Bathocuprionic sulfonate was 
used to detect the presence of copper containing He subunits. 
This technique, described by Bruyninckx et al. (1978), works 
poorly in the presence of EDTA (personal communication from 
N. B. Terwilliger and personal observation) . For this 
procedure it was necessary to dissociate the blood samples in 
a buffer (pH 8.9) that did not contain EDTA. The detection 
of copper containing proteins also required a six-fold 
increase in blood concentration above that necessary for 
protein detection. Following the bathocuprionic sulfonate 
treatment the gels were viewed under UV light and the position 
of the copper containing bands were marked with small 
incisions on the gel. Following this procedure the gels were 
stained for protein.
The 0.7 5 mm thick gels were scanned with Shimadzu and 
Gelman densitometers to resolve individual subunit bands and 
determine the relative concentrations of the polypeptides.
RESULTS
I. 02 binding 
Diogenidae and Paguridae 
The 02 affinities of the Hcs from each of the four 
anomuran species (table 1) are significantly different 
throughout the pH range 7.2 - 8.0 (fig. 1). The Bohr factor 
of P. lonaicarous He is significantly different from that of 
P. pollicaris and C. vittatus Hcs in this pH range. The Bohr 
factor of C. vittatus He is also significantly different from 
that of P. impressus He (table 2). C. vittatus He has a much 
higher 02 affinity (fig. 1) and lower cooperativity (table 2 
and fig. 1) than the Hcs of the other species. Functionally 
the He of the diogenid crab C. vittatus is clearly distinct 
from the Hcs of the three pagurid species. The Hcs of the 
allopatric species, P. pollicaris and P. impressus function 
very similarly to one another and each have substantially 
greater 02 affinities than P. loncricarpus He. The
cooperativities of the Hcs from the three pagurid species are 
not significantly different (table 2).
Grapsidae, Majidae, Mysidacea 
The Hcs of the species within the Grapsid, Majid and 
Mysid clusters (table 1) have significantly different 02 
affinities throughout the pH range 7.2 - 8.0 (figs. 2, 3 and
8
94) . Moreover, the differences are not physiologically 
trivial. The Bohr factors and the cooperativities of the Hcs 
within each species cluster are not significantly different 
(table 2) . Within each of these clusters the species are 
sympatric.
Cancridae
The 02 affinities of the Hcs from the six Cancer species 
(table 1) are significantly different throughout most of the 
pH range 7.2 - 8.0 (fig. 5) . The 02 affinities of Hcs from C. 
borealis (east coast) and C. anthonvii (west coast) are not 
significantly different below pH 7.5. The 02 affinities of C. 
irroratus and C. magister Hcs are not significantly different 
from the 02 affinities of the Hcs from C. antennarius. C. 
productus. and C. anthonvii at ca. pH 7.4, 7.6 - 7.8 and 7.8 - 
8.0 respectively. The significant differences between the 
various species are actually quite small. The Bohr factors 
of each of the cancrid species are not significantly different 
in this pH range (table 2) . The cooperativity of C. productus 
He is not significantly different from the cooperativities of 
the Hcs from C. magister or C. irroratus (table 2) . The 
cooperativities of the Hcs from the remaining species are 
significantly different (table 2).
Ocypodidae
The 02 affinities of the Hcs from each of the five 
species in the family Ocypodidae (table 1) are significantly 
different throughout most of the pH range 7.2 - 8.0 (fig. 6). 
The 02 affinity of U. pugilator He is not significantly
10
different from that of O. guadrata He at pH 7.3 or U. pugnax 
and U. virens Hcs at ca. pH 8.0. (These three Uca species 
were collected at Indian Field Creek of the York River estuary 
in Virginia) . The 02 affinity of U . virens He is not 
significantly different from that of U . minax He at pH 7.6. 
(Uca Virens was purchased from Gulf Marine Specimens of 
Panacea, Florida). In terms of physiological importance, 
however, the data separate into two groups: 1) 0. guadrata and 
U. pugilator Hcs, which have a lower 02 affinity and 2) U. 
minax, virens and pugnax Hcs, which have higher 02 affinity. 
The Bohr factor of O. guadrata He is significantly different 
from that of U. pugilator and U. pugnax (table 2). The Bohr 
factor of U. pugilator He is significantly different from the 
Hcs of U. pugnax. U. virens and U. minax (table 2). The Bohr 
factor of U. virens He is significantly different from that 
of U. minax He (table 2).
The cooperativity of 0. guadrata He is significantly 
different from the cooperativities of the Uca Hcs, with the 
exception of the He from U. pugilator (table 2) . The 
cooperativity of U. pugilator He is also significantly 
different from the cooperativities of U. minax and U. virens 
(table 2) . The cooperativities of these Hcs confirm the 
functional similarities of U. pugilator and O. guadrata Hcs 
and clearly distinguish them functionally from the Hcs of the 
other Uca species (fig. 6).
Portunidae
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The 02 affinities of the Hcs from the portunid species, 
P. qibbesii, P. spinimanus and 0. ocellatus are significantly 
different throughout most of the pH range 7.2 - 8.0 (fig. 7). 
The 02 affinity of 0. ocellatus He is not significantly 
different from that of P. qibbesii He at pH 7.2 or P. 
spinimanus He in the pH range 7.4 - 7.6. The 02 affinities of 
P. spinimanus and P. qibbesii are not significantly different 
at pH 8.0. Although the 02 affinities are mostly
significantly different, the actual functional differences are 
trivial. The Bohr factors and cooperativities of the Hcs from 
these three species are not significantly different in this 
pH range (fig. 7 and table 2).
Xanthidae
The family Xanthidae is represented by seven species and 
one naturally occurring hybrid (table 1) . M. adina and M. 
mercenaria are sympatric subtidal species which inter-breed 
in nature to produce a hybrid. Because the genetic 
relationship of these taxa is presently believed to be very 
complex (Bert, 1986) we should note that our specimens of M. 
adina were trapped in Ocean Springs, Mississippi, M. 
mercenaria at Homosassa Springs, Florida and the hybrid at 
Cedar Key, Florida. The 02 affinities of the Hcs from each of 
the two separate species and also the hybrid are significantly 
different in the pH range 7.3 - 8.0 (fig. 8) . The 02
affinities of M. mercenaria and M. adina Hcs are not 
significantly different at pH 7.2. Interestingly, the 02 
affinities of the two recognized species are much more similar
12
to one another than either is to the hybrid. The Bohr factors 
of the hybrid and M. adina Hcs are significantly different 
(table 2). The cooperativities of these Hcs are not
significantly different (fig. 8 and table 2).
The family Xanthidae is represented by three species of 
Panopeus (table 1) and two species in different genera. 
Because P. herbstii and P. obesus have only recently been 
separated (Williams, 1983), we should note that P. herbstii 
was collected at the York river in Virginia near Indian Field 
Creek and P. obesus was collected at Duke Marine Laboratory 
in Beaufort, North Carolina. The 02 affinities of the Hcs 
from each of the Panopeus species are significantly different 
in the pH range 7.2 - 8.0 (fig. 9). The Bohr factors are not 
significantly different (table 2). The cooperativities of P. 
herbstii and P. obesus Hcs are not significantly different 
from one another; they are, however, significantly different 
from the cooperativity of P. lacustris He (P. lacustris was 
trapped in South America), (table 2). Interestingly, the 02 
affinity increases as the species become more southern (fig. 
9) .
E. depressus is morphologically so similar (including 
it's size, which is typically slightly smaller) to P. herbstii 
and P. obesus that expert identification by A . L. Williams 
(Smithsonian Institution, Washington, D.C.) was needed. 
Nevertheless the Hcs are functionally quite distinct (fig. 9 
and table 2) . The 02 affinity of E. depressus He is 
significantly different from the Hcs of the other xanthid
13
species (with the exception of the He from C. floridanus. 
above pH 7.8) while the Bohr factor is not significantly 
different (table 2). The cooperativity of E . depressus He is 
not significantly different from the cooperativities of the 
Hcs from P. herbstii and P. obesus. but it is significantly 
different from the cooperativities of the Hcs from the two 
tropical species. The He of the Central American species C. 
f loridanus is functionally very similar to the He of E. 
depressus in terms of 02 affinity and Bohr factor but not 
cooperativity (fig. 9 and table 2). Since the blood samples 
from the two tropical species had been frozen prior to 02 
affinity determinations, the low cooperativity values may be 
due to dissociation (Morris, 1988).
II. He subunit Composition 
Figure 10 (a and b) summarizes the migration rates of 
the dissociated blood polypeptides on the electrophoretic gels 
and roughly indicates the number of monomeric He subunits. 
This figure serves only for comparison here; the measurements 
were performed on gels on which the subunits of a particular 
He had been separated several times in a series of three 
concentrations. Figures 11 - 17 depict the densitometric
scans of the electrophoretic gels in conjunction with the 
polypeptide banding patterns (for reference). The
densitometric scans were performed on the 0.75 mm thick gels 
and the area under the curves were calculated by integration. 
Only those polypeptides which were positively identified as
14
copper containing He subunits were included in the calculation 
of the relative concentration of the subunits. In addition 
to distinguishing He monomers from non-Hc polypeptides the 
copper staining procedure was useful in determining whether 
very dense bands actually represented one or more than one 
polypeptide. For example, the polypeptide banding pattern of 
C. vittatus He seems to indicate only one subunit type. 
Copper staining, however, indicates that there are actually 
two very closely positioned monomers located there. The He 
subunits are numbered on these figures. The non-Hc
polypeptide are indicated with nxHs on figures 11 - 17.
Table 3 lists the number of subunits present in the He of each 
species and the relative concentration of each.
The subunit composition of the Hcs are clearly species 
specific. Within each species cluster subunit compositions 
are distinct.
Paguridae and Diogenidae 
The He of C. vittatus is composed of nearly equal 
concentrations of two subunits (figs. 10a and 11, table 3). 
The subunit composition of the He from this species is 
distinctly different from that of the three pagurid species. 
Each of the three pagurid species have Hcs which consist of 
four subunits (figs. 10a and 11, table 3) . In each species 
the more cathodic of the He subunits are present in the 
highest concentrations.
Subunits one and two from P. pollicaris He migrate at ca. 
the same rate as band one of C. vittatus and P. longicarpus
15
Hcs. Band two of C. vittatus He migrates at ca. the same rate 
as band one of P. impressus He. Bands three and four of P. 
pollicaris He migrate at ca. the same rate as P. longicarpus 
bands three and four as well as P. impressus bands three and 
four.
Markl (1986) demonstrated that the He subunits of the 
anomurans react immunologically with both alpha and beta 
subunits.
Cancridae
The subunit compositions of each of the Cancer Hcs are 
unique and do not resemble one another very closely (figs. 10b 
and 12) . C. borealis and C. irroratus Hcs contain three 
subunits each. C. anthonvii and C. productus Hcs each contain 
four subunits. C. antennarius and C. maaister Hcs each 
contain five subunits (figs. 10b and 12, table 3; also Larsen 
et al., 1981). It is clear from figure 10b that many of the
subunits of the Hcs of different species migrate at the same 
rate. Band one of C. productus He is clearly anodic to the 
rest of the cancrid subunits. Band one of C. antennarius He 
migrates at ca. the same rate as bands one of C. anthonvii, 
and C. borealis He as well as bands one and two of C. 
irroratus He. Bands one, two and three of C. magister He 
migrate at ca. the same rate as band two of the Hcs from C. 
productus. C. antennarius. and C. anthonvii. Bands four and 
five of C. magister He migrate at ca. the same rate as bands 
three and four of C. productus He, bands four, five and six 
of C. antennarius. bands three and four of C. anthonvii He,
16
band three of C. irrroratus He and bands two and three of C. 
borealis He.
Five of the six cancrid Hcs appear to contain chains that 
migrate to positions characteristic of all three immunological 
catagories, whereas C . magister He may lack a gamma chain.
Grapsidae
S. cinereum He is composed of two subunits while S. 
reticulatum He is composed of three (figs. 10a and 13; table 
3). Bands one and two of S. cinereum migrate at very similar 
rates. Band two of S. cinereum He migrates at ca. the same 
rate as band two of S. reticulatum He. Band three of S. 
reticulatum He is slightly cathodic to band two while band one 
is decidedly anodic to band two.
All three catagories of immunological subunits (alpha, 
beta and gamma) may be present in the Hcs of these species.
Maj idae
The subunit compositions of the Hcs from the two Libinia 
species are very similar (figs. 10b and 13; table 3). L. 
dubia and L. emarainata He each contain four subunits. Band 
one of L. dubia He migrates at ca. the same rate as band two 
of L. emarainata. Band three of each He migrates at the same 
rate in each species and is present in nearly the same 
concentration (table 3) in each species. Band four of L. 
emarainata He is slightly cathodic to band four of L. dubia.
All three immunological catagories may be present.
Ocypodidae
17
O. cruadrata He is composed of four subunits, all alpha 
chains according to Markl (1986) (Figs. 10a and 14; also 
Johnson, 1987). Two of these subunits are distinctly anodic 
to the other three. The subunit banding pattern of this He 
is different from the He subunit compositions of each of the 
four Uca species, which are also composed entirely of alpha 
subunits (Markl, 1986), (figs. 10a and 14). The Hcs of U . 
virens, U. pugnax and U. pugilator each consist of four 
subunits (We should note that a detailed study of U. pugilator 
has recently revealed additional subunits, but these four are 
the most common; C.P. Mangum, unpubl. obs.). U. minax He is 
unique in that it consists of only one electrophoretically 
separable subunit. Three of the subunits of U. virens migrate 
approximately at the same rate as the U. minax subunit. The 
subunits of U. puanax and U. pugilator Hcs migrate at 
approximately the same rate but the relative concentrations 
of the bands are quite different. The He subunit composition 
of U. pugilator looks decidedly different from the subunit 
compositions of the other Uca species. Specifically, they are 
more clearly distinct than the He subunits of the other 
species.
Portunidae
According to Markl (1986) the Hcs of this family are the 
most heterogeneous, which is confirmed by the present results. 
The He subunit composition of 0. ocellatus is distinctly 
different from that of the two Portunus species (figs. 10b and 
15; table 3) . O. ocellatus He is composed of five distinct
18
subunits. Band one of 0. ocellatus He is anodic to the other 
subunits in this family. The subunit banding patterns of the 
two Portunus species are similar. P. gibbesii He is composed 
of seven distinct subunits while P. spinimanus He is composed 
of six. The subunits of these two Portunus species migrate 
at approximately the same rate. All immunological categories 
of subunits appear to be present in all three species.
Xanthidae
The He of M. adina is composed of two subunits. M. 
mercenaria He contains four. The He of the hybrid is composed 
of three species. The subunit compositions of each of the 
three resemble one another closely and yet each is unique 
(figs. 10a and 16; table 3). The subunit composition of the 
hybrid more closely resembles the subunit composition of M. 
mercenaria He than that of M. adina. It differs only in the 
apparent absence of band 1; small amounts of material present 
at the same position failed to stain for copper. Subunits 
migrating to positions characteristic of gamma and beta chains 
are clearly present. While no He known lacks alpha chains, 
they cannot be identified with confidence from figures 10a and 
16 .
The subunit compositions of the Hcs from the three 
Panopeus species are each unique (figs. 10a and 17; table 3). 
P. herbstii He is composed of six subunits, while P. obesus 
and P. lacustris Hcs are each composed of four. The Hcs of 
P. herbstii and P. obesus each contain subunits which migrate 
at the same rate, although the relative concentrations of the
19
subunits are quite different. The subunit compositions of the 
Hcs from these two species resemble one another much more 
closely than they do P. lacustris. E. depressus He contains 
five subunits, four of which migrate at approximately the same 
rate as the subunits of the Panopeus species, but E. depressus 
band four appears to be unique. C. floridanus He contains
only two subunits, which migrate at the same rate as bands
three and four of E. depressus He.
While all three immunological categories may be
represented in four of the five xanthids, C. floridanus He 
lacks a chain that migrates to the characteristic gamma 
position.
Order Mysidacea 
The blood samples of the two mysid species contained a 
high concentration of non-Cu2+ containing polypeptide and a low 
concentration of He. It was not possible to discern 
individual subunits in the banding patterns of these two Hcs 
(fig. 10b), although, multiplicity is clear. The polypeptides 
from these two species migrated at approximately the same
rate. Interestingly, the polypeptides from these two species 
migrate at a much slower rate than the polypeptides from the 
other 3 0 species, all decapods.
20
3
CD
*.
03i-f
P3
c/iCp-
o
r tO
o
c
of-h
3
CDX
H-
no
o
r t
3 3
01 o  
cn ♦ 
tn
• rt
o
r t  0 ^  i—1 
n i  pi
I— 1 •
Q) -
' O 
P
C l (-> C h>
I—1
i - h  O  
t~h
Oft 3
h0 ►d ►d hd o  a0) 01 Q> 01 h-> H-
Q Q Q H- O
C C C P CTvO
H i-C H- (D
c c P  H- 3  3
cn (0 (0 CL 01 H-
01 a
[a I-1H- (D H- 01
o o 3 01 CD
3 aI-* Q <H- H- CD H*
0 O C/l r t01 01 c/i r t
•a p 01H- d C/1 r ttn c P
C/l cn—. 03
CO CD .—>
01 CO 3 03
01 CD o_- a C/l
H- 0
CO M  CO CO
P 3 P p
5* rt tr tr
rt CD rt rt
H- t< H- H*
£L rt a a
01 p. oj 01
M a  m M
01 - -•
rt M
O H* O
ft
CO O rt rt
o O O
o to
O  OJ to
3 o  w to
3 3 3
O
•-(
a
CD
H hj 
3
i-h a
»-< CD 0> O O 01 •-< hd
a . o  
(d ai-C tu
>
3
0 
3 C 
•t
01
rt
O
03
*-<
fl)
N
cohaCD
oH-
(DC/1
X
>
03H
>
H
aH
cn
h3
»H
03 a
G M
i-3
M O
O t-125 >cn
> cnM
a M
K o
> >
03 •-3M M
o
> a•»
CO
o
o w
'n o
o
H3 a
a >
M
a
cn M
T) o
W
OM
M
cn
»-3>
w
G
M
21
01
<t>3 
01 *
\QH-
301 M 
r t  ap; $a>— h
r* o-(D WQj
O
3*
•n013
M- I—1
fH. KO' 3
3  H* 
H- Q. 
01 0) a> a 
d  
cr
0) 
r t  
c
3 03 O-N 01
cn o  
0) ^
*30 
3
H-
M*<COfl> o
01 fl 
01 01 t3
01
q» h -a o w
H -  (0 
3  (0 tl n> c 
3
cn cn cn cn cn cn cn hc c CD n> 3* 3*  0  3
c r  c r 3  3 o> oi c r  r t
r t  r t H* H - H  H  f t  (5
H - H - 1 1 M  M  H - h
O i a r t  r t o  o  a r t
01 01 co a> K SJ 01 H-
M  I - 1 i t  h M  Oi
- h  h 01 C/l "  01
(0 o C O  M
o  o 01 01 c r  c r  o
r t  r t r t  r t  r t
r t  r t h  h h - h - r t  o
O  0 H* H - a  a  o
oi 01 0i 0i co
M  M H H U I O
CD CT> ■» - "•J O
U1
3  3 3  3 3
01 01 3
h  n
01 01
3 “ 3*
o  a>
01 01
2 : 2 2 2 > tr* 2 cn CD
o 01 01 O i O l-> 01 O o h
< • • • a (0 cr < d h -
01 t->- c h 01 r t r t
r t r t r t 01 r t 01 3* H-
cn O O O H- 0- cn 01
O 01 o o O O '
o H h] r t 3 h o t-h
r t X M t - 1 O 01 r t O
H- • 01 01 r t H- cn O
01 • • 03 r t o 01 01 M
01 O 3 C
r t DO *_i. hi r t 3
0 01 Q £ 01 2 O hd cr
O ' C (D O oi m h»
<n 01 t—1 01 o 3 • h i a 01
0 3 t-h r t 01 r t i—1 h
i—1 01 (0 01 o r t
t-h 01 0 "D h • - O
t-h t—1 (0
0 r t 01 a 03
t-h O 2 • 01 01
CD • t - j .
2 O X r t 01
0) c H- O
X c r O n
H - 01 o 2 a
^ O
?d oi
til 3  
3  01 a — 
01
cn
cn r t  jd01 H* 01 
“< 3  r t  
' - " 3  3"
oi cr 
o  e
3  3
o n n O
01 01 01 01
3 3 3 3
O O O O
CD (0 01 (D
h r< •i 11
a 3 H- cr
*1 01 I-C o
O o tt
a H- o co
d 01 l-t 01
o f t 01 t—>
rt CD rt
d tl d CA
CA CA
H
3
H»
nj 0) 01 O 
3 h
H* Oi 
H* (t> *< h
n  o  co0) 0) i-< 
3  3  010 o o
(0 h  3" 
hi H-hJ
Oi c01 oi h 
3  ID 01 
f t
(0
3
3
01•t
H*
c
01
cn
r t
H-3T30)O
3
cnna>0
H-(0
01
xfli
cr
H-
r t01
f t
TABLE 
1 
(Continued)
22
x
t r
i t
h * a
o ,  a
x
o>
3
H-
><
3
<b ><; 
(U 
3  
r t  
3* (0 H*
• a
0> Oia <d
H*
3
Ql
H*
cn oi
Oi 3
•c 01
ur>
x
(B
i—1a(Dit
►0 x
o o
It i t
r t r t
C d
3 3
C d
01 01
01 Q
a I-1-
H* t r
3 t r
(-*• <0
3 01
0i H-
3 H-
d
01
•no>
3
H-
M
0< x
01 oI-1 3 
H- f t
fa  c
<I> 3  
01 H -
O- 
O Oi O (0
t-1 H ' 
0) 3 
r tT J  
i t  01a> o
H- 3
01 — 
rt EC
fl>
n 
t r  
01 
r t
01 01 01 01 01 01 01 01 01
ET d d d (B (B <0 (B (B
0) t r  t r  t r 3 3 3 3 3
M r t r t r t H- H- H- H- H-
t—1 H* H- H- 1 1 1 1 1
0 cl a  a r t r t r t  r t  r t
s: CD 3 Hi (0 (B (B <B (B
i—■h-> I-1 i t i t i t i t
01 - - - t i t i t i t M
d (B (B IB (B <0
t r o O o 01 01 01 01 01
r t r t  r t r t r t r t
H- r t  r t r t •-< *t t i t i t
a O o 0 H- H* H* H- H-
Ql 01 01 01 01 01
M VO U) VO i-> I-1 H* I—1 1—*
M VO <J1 -» - - - -
UJ
3 3 3 3 3 3 3
3 Oi 01 0i 01 01
3 It it It it
01 01 01 01 H-
ET ET ET ET 3
(B (B (0 CB (B
01 01 01 01
2 2 3 2 X 2 3  2 X
n 0) O M 01 01 01 M• • • i t 01 • • • •
r t •
r t r t r t ET r t r t r t f t
O O O d r t O O O o
3 O
2 X Cl o ' Tt X X a
(B It d (B 2 I-* M I-1 it
X 0) M t (D 01 01 oi 01
(->- N i-h M X • • • N
Q H- 0) H- H-
O M 0 3 o M
' • l-h a o
C-j 2 01
DJ (B r t
3 X >t
OI H- Ol
n n H-
DJ 0 r t
01
t j  r t
it o 
n>
d aO 01
3  ta  to
01 3  01 
Cl) 3 
t—'  C l H - —* 
3  O r t  03 
O 3  3* O 
3  r t  —  oi
(B O
>
r t
01
0)
H*a
(0
01
0> 
3
H-
H-1
o
o  oK O a  k:0 *0 
a  o  to a
H- 
IQ CL 
d  0J01 a>
Qjit
0)
r t
(D
x
0itr
t
H-
0
H-
c
01
01H3
(Bn
H-
(B
01
X
a*
t r
H-
r t
0)
r t
TABLE 
1 
(Continued)
23
o
aa>
3
cnH-acu
o
(B0)
o o
3 3
QJ QJ
rt rt
3" 3"
0 0
a 13
3* 3*
QJ QJ
c C
C/l cn
H- H-
QJ QJ
H1-LQ
3 H-
Q Q
(0 QJ
3 cn
cn
3
o H*
o 1—1
3* H*
tf (B
3 3"—■o
(B
cn11
cn
c
3*
3^—
3 3
IB (B
cn cn
0 0
T3 T3
(B (B
M —1
QJ QJ
03 03
H- I-1-
o o
3 3O O►1 >3
r t  r t3 cr
tJ toQJ 0)
n o
H- H- 
t-h l-h 
H- H-
n n
o  o  o o
(D 0)QJ QJ
3  3
i—1 a  
(B
tof t
o  a
a a a
cn 
3—' H* W Dftfl
n> sr s: 
cn ■— ' a» 
cr m
H- H-
a  a
0) QJ
3 3 
rt rta> <Dti t< 
rt rt 
H- H-a aQJ QJ
o
3
QJ r t  <-< O e/i 
3“(I) to 
C/l
3
03 3 o cn s
(B QJ (B o QJ
w • 3 c •
3 r t r t
C r t i-« 3* r t
a O QJ O
QJ h->M
i-3 QJ 03
QJ X > cn I~i
3 3 r t QJ
CL <B N
f t a H-cn H- « H-*• O n cn
T3 QJ •
"ii !-’•
h-1 o
QJ cn
cn*3(0o
H-a>c/i
3
QJ
tr
H-
r t
QJ
r t
TABLE 
1 
(Continued)
24
PI
P>
3
p-
to to to *r3
• • • Q)
02
to
O
p- d
co
o
3 tO P-
- C
3 d
h< PL 
0 picn 0 
cn 
c cn
ui ^  cn
I I I 
O P  O 
• • •
00 o o
00 O  00 
1+ 1+ 1+
o  o  o  
• • •
P O O
o  as "J
^ £* 4^
'■J (J1 
P P M
1+ 1+ 1 +
o  o  o
O P  o  
-J p  .fa.
to a
p*
o
< VQ
P* 0 
r t 3
H
3
H>
d
Pi
o
d
a
CD
d
>30
3
C
d
p)
p-
Qj
Pi
CD
I
o
cnoo
1+
o
N)
O
cn
1+
o
oNJ
O
d
a
CD
d
D
CD
O
Pi
>3
0
a
Pi
CO
»o
(D
0
P*
0cn
p-
3 3
a  o
-—» p- 3
3 < cr
— ' P- 0
Oi d
3
Pi o
P p
cn
—  > DO
1+ P O
o 3*
o  02 d
c_n
►d PI
Pi
o
O  \  rt
a t >
0
d
►o
3
o
o
xl o
3 PJ
H-^ q 0O d
cn pi
• rt
w p-
• <
p-
rt
CD
O
33
»
Pi>
O
•-3
O
»cn
>
a
3
w
>
3
o
oo
►d
M
g
»-3
M
<
P
►<
>
s
M
cn
O
X
a
M
3
CO
PI
3
a
p
3
O
o
3
>
O
i-3
W
3
p
cn
p
n
cn
h3
>
DJ
f
W
co
25
0)
3H-M
ft-* Hr* _  • • S0>
(D O.'-J* 
3 3 H*o) tr ab{ H- 0) 
tQ 0» CDH-
30>rt
Q>
I-1 to 
cn o*.
I i
*1
o>
3H-H-1
ICO |co
. • od
n  o>
H-tJ 3 W 
CD H- h< a 
(D 0) 
3 
3
NJ £* 
to CO
a>
i i
0  0 0  0 O  M  H-» O  O  O
on on u> 00 O  O  00 00 00
ON CO ON O ID O  O  O  U  U
1+ 1+ 1+ 1 + 1+ 1+ 1+ 1+ 1+ 1 +
0  0 O  O O O O O O O
0  0 O  l-» to  p  to  to  H  H
cn ^ ON t-* A  P  O  ON O  >J
CO CO CO CO t o  CO CO H  t o  w
-0 0 U> NO to U) M  ON VO ON
ON CO 00 £>. cn on t o  cn cn i-1
+  1 + 1+ 1 + 1+ 1+ | +  | +  1+ 1+
O  O O  O O O O O O O
O  O O  O O O O O O O
I-* H> CO CO oo u  h  to cn ^
• • • • •
p 3 H-cr Q)Cl 3 d 0 3
0 Q d d rtPiH-O CD O'
3 cn d 3 OQ rtP> t—■3rtCD rt H- <3 3 cn H-
cn cn H-
H-» (—*
CN ON CO CO
M
3
Hj
d
P
3 0
3 d
H- piM CD
d
O W3 d3 3O O
d tr
a  3
0)
(D
I I I I I I
CO
>d(0
oH-
CD
cn
2:
3
H"
3
a 
H -c r  
3 < <D —  H- d 
Oi
3 O 
fl» Hj
1—1 
cn
fv w—v > O 1+ H 3  
O d 
NO nQ
cn *rl
<*>g a rt
O \  o
*1* * 
V EC
oo
— I o 
x TJ3 CD 
+ !£ d 3 
r t  
H-
co
M <H-
r t
TABLE 
2 
(Continued)
26
n
H-
a
EC 12 12 
. .
O'
3 
fl>
O  
fl)
3 
dj 
o
H  
DJ
to to cn
DJ
3
H*
X  DJ 
DJ 3  
0* rt 
h- ET 
3 H- 
DJ Oi 
DJ
n>
i i i
hj l*d
cn io
H-tr 
cr
(D 
cn
H* 
H-
to
H-
3
H-
3
DJ
3
C
cn
DJ
3
H-I—1 
»-<
IO 
• ^oo o
O  rt 
(D C 
I-* 3h-* H- 
DJ Oi 
f t  DJ 
0 CD
cn
CO <J\ JS*
I I I
o  o  o O  M  (-* O  O  O  1—* o
O  O  CO CD O  CO -0 CJI C\ <t± CD
o  u> cn O  CD CO ^  ^  OJ H  CO
1+ |+ |+ 1+ 1+ 1 + I+I+I+ |+| +
o  o  o o  o  o o  o  o  o  o
• • • • • • • • • • •
O C O H U> M  CJI O  J—* O  1—1 t—*
CO U  H o  h  ^  ai co
CO CO to CO OJ U to to to to to
• • 1 • • • • • • * •
^  |-» OJ CD tO H M  O  H  CD cn
H  O  CO 1—> U) co u; cji to cn
1+1+1 + 1+ 1+ | + 1+1+1+ 1+1+
o  o  o o  o  o o  o  o  o  o
o  o  o M  O  H 1 o  o  o  o  o
CJI <J\ U) tO CD CO U) CO H  C-J £»
*1
DJ
3
H-
H*
|G |G |G IG IO ^
• • • ■ • o
o
l§s3 tO tO ' cc
3 IQ DJ O
a  a  
o  H- 
DJ Oi 
rt DJ 
DJ CD
to  i—1 cn o  
^  h-» tn  to  cd
i i I i l
cn
tJ
CD
Q
H-
<D
cn
H-
3 2 
Oi C
*3 <  &  —' H- (D 
Oi O 
C
DJ 0 H* H)
cn
^  I> to
1+  M O 
O ET VDiO ^ CJI
hj ^
oY>g DJ 
O
0 \  rt 
M  . O  
—  >  o
>o
K
o—  | o 
X  o  3 13 
l+w* CD
DJ 
rt 
H- 
<  
H* 
rt
cn
rt
TABLE 
2 
(Continued)
27
Htr
(D
tr
P
CJo
tr
»f
P
o> a p
r< p w
o
n
pi
p
if
3►<
cn
H-
Pi
P
O
P
P
IO IQ
IPH-
IQ IQ
to U)
I I 
o  o  
♦ •
03 'O
(-> to
1+ !+
o  o  
• •
M -O
CO CO
h-i to 
• •
cn cj 
u> o
1+ |+ 
o  o
O M 
U> 4^>
lo iw hi W  hj• • • • •
H> Pi o tr
M P p cr p
0 0 a p
f tf p cn cr
H* p cn P cn
Pi cn rt cn rt
P cn »f H*
3 p H- H-
P cn cn
W
H  to H  U  
00 ^  o  to o
I I I I I 
o  o  o  o  o  
• • • • •
*o a\ co as ui 
H  O'* to co co
i+ 1+ 1+ 1+ 1+
o  o  o  o  o  
• • • • •
H  H  M H  P  
a\ H ^  H Ul
h-> CO H1 CO CO
cn CJI <Tk cn
CO CJI O I-*
1+ 1+ 1+ 1+ 1+
o o O O o
o o O O o
CO H CJI
cn
13
(D
oH*
P
cn
H*
3 3
Pi P
*3 <  &p. P
Pi tl
P
P O
(—1
cn
^ 0 CD
1+ M 0
o tr
cn cq if
CJI
id X
p
o
0 \  rt
o
If
13
X
o
x— .i 0
xl o
3 13
PO
cn P
• rt
w H*
<
H-
ft
x:
TABLE 
2 
(Continued)
FIGURE 1
THE OXYGEN BINDING CHARACTERISTICS OF
ANOMURAN HEMOCYANINS
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□ P. im pressus  
♦ P .p o l l ica r i s  
a  P. longicarpus 
°  C. v i t t a tu s
pH
Hemocyanin oxygen affinity (log P50) and cooperativity  
(n50) as a function of pH in four anomuran species (Clibinaria 
vi ttatus , Pagurus i m p r e s s u s , P. longicarpus and P. p o l l i c a r i s ) 
at 20° C. Ionic composition of the physiological saline; NaCl 
460 mM, KCl 11 mM, CaCl2 13 mM, Mg C l 2 20 mM, N a 2S04 29 m M , 
N a H C 0 3 3 mM.
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FIGURE 2
THE OXYGEN BINDING CHARACTERISTICS OF
GRAPSID HEMOCYANINS
□ S.  c in e re u m
♦ S.  r e t i c u l a t u m
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pH
Hemocyanin oxygen affinity (log P50) and cooperativity  
(n50) as a function of pH in two grapsid species (Sesarma 
re ti culatum and S.. cine r e u m ) at 20° C. Ionic composition of 
the physiological saline; KCl 11 mM, CaCl2 16 m M , M g C l 2 45 mM, 
N a 2S04 40 mM, Na H C 0 3 3 m M , NaCl 383 m M .
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FIGURE 3
THE OXYGEN BINDING CHARACTERISTICS OF
MAJID HEMOCYANINS
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□ L. dubia 
♦ L. emarginata
PH
He m o c y a n i n  oxygen a ffinity (log P50) and c o o p e r a t i v i t y  
(n50) as a function of pH in two majid species (Libinia dubia 
and L. e m a r g i n a t a ) at 20° C. Ionic com p o s i t i o n  of the 
p h y s i o l o g i c a l  saline; KCl 8 mM, N a H C 0 3 2 m M , C a C l 2 10 m M , M g S 0 4 
42 mM, NaCl 350 m M .
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FIGURE 4
THE OXYGEN BINDING CHARACTERISTICS OF
MYSID HEMOCYANINS
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♦ G.ing*ns
8.0
Hemocyanin oxygen affinity (log P50) an<^  cooperativity 
(n50) as a function of pH in two mysid species (Gnathoohausia 
increns and G. giaas) at 20° C. Ionic composition of the 
physiological saline; KC1 11 mM, NaCl 455 mM, CaCl2 13 mM, 
MgCl2 18mM, Na2S04 2 2 mM, NaHC03 3 mM.
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FIGURE 5
THE OXYGEN BINDING CHARACTERISTICS OF
CANCRID HEMOCYANINS
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C. borea l is  
C . i r r o r a t u s  
C. p r o d u c e s  
C. m a g is te r  
C. anthonyii 
C. antennarivjs
PH
H e m o c y a n i n  oxygen affinity (log P50) and c o o p e r a t i v i t y  
( n50) in six cancrid species (Cancer a n t h o n v i i , C. antenna r i u s , 
C. bo reali s , C. i r r o r a t u s , C. magi s te r and C. p r o d u c t u s ) as 
a function of pH at 20° C. Ionic c o m p o sition of the 
p h y s i o l o g i c a l  saline; N a C l 2 4 4 1 mM, KCl 14.8 mM, C a C l 2 11.1 m M , 
M g C l 2 39.9 mM, N a 2S04 lOmM, N a H C 0 3 3mM.
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FIGURE 6
THE OXYGEN BINDING CHARACTERISTICS OF
OCYPODID HEMOCYANINS
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□ 0 . quadra ta
♦ U. minax 
x U. Yirens 
o U. pugnax 
a  U. pugilator
pH
Hemocyanin oxygen affinity (log P50) and cooperativity 
( n50) as a function of pH in five ocypodid species (Qcvpode 
quadrata, Uca puqnax, U. pug i1ato r , U. minax and U. vi rens) 
at 20° C. Ionic composition of the physiological saline; KCl 
11 m M , CaCl2 16 mM, MgCl2 4 5 mM, Na2S04 40 mM, NaHC03 3 mM, NaCl 
3 8 3 m M .
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FIGURE 7
THE OXYGEN BINDING CHARACTERISTICS OF
PORTUNID HEMOCYANINS
2.2 1
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8.0 8.27.2 7.4 7.6 7.86.8 7.0
PH
Hemocyanin oxygen affinity (log P50) and cooperativity 
(n50) as a function of pH in three portunid species (Ovalipes 
ocellatus, Portunus qibbesii and P. spinimanus) at 20° C. 
Ionic composition of the physiological saline; NaCl 455 mM, 
KC1 11 mM, CaCl2 13 mM, MgCl2 18 mM, Na2S04 22 mM, NaHC03 3 mM.
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FIGURE 8
THE OXYGEN BINDING CHARACTERISTICS OF
MENIPPE HEMOCYANINS
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PH
H e m o c y a n i n  oxygen a ffinity (log P50) and c o o p e r a t i v i t y  
(n50) as a function of pH in two Menippe species (M e n ippe adina 
and M. me r c e n a r i a ) and one natural hybrid at 20° C. Ionic 
c o m p o s i t i o n  of the physiological saline; NaCl 350 mM, KCl 7 
mM, C a C l 2 10.7 m M , M g C l 2 32.5 m M , N a 2S04 20 mM, N a H C 0 3 3 m M .
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FIGURE 9
THE OXYGEN BINDING CHARACTERISTICS OF
XANTHID HEMOCYANINS
oin
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CT>
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6.6 6.8 7.0  7.2 7.4 7.6 7.8 8.0
□ E .d e p re s s u s  
♦ P. he rbst i i
■ P .o b e s u s
o P. la c u s t r i s
■ C. floridanus
PH
Hemocyanin oxygen affinity .(log P50) and cooperativity 
(n50) as a function of pH in five xanthid species ( Eurypanopeus 
depressus , Panopeus he rbs t i i , P. o b e s u s , P. lacustris and 
Cataleptodius f l o r i d a n u s ) at 20° C. Ionic composition of the 
physiological saline; NaCl 350 m M , K C 1 7 m M , CaCl2 10.7 m M , 
MgC 12 3 2 . 5 mM, Na2S04 20 m M , N aHC03 3 m M .
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FIGURE 10a
ELECTROPHORETIC BANDING PATTERNS OF ALKALINE
DISSOCIATED HEMOCYANINS
Electrophoretic banding patterns of alkaline dissociated 
Hcs stained with the protein specific stain Coomassie blue. 
Left to Right; C. vi t t a t u s , P. p o l l i c a r i s , P. l o n g i c a r p u s , P. 
imp re s s u s , C. flori d a n u s , E. d e p r e s s u s , P. lacus t r i s , P. 
o b e s u s , P. he r b s t i i , M. a d i n a , hybrid, M. me rcena r i a , S. 
c i n e r e u m , S. reticulatum, U. v i r e n s , U. m i n a x , U. p u q n a x , U. 
pugilato r , O. q u a d r a t a .

FIGURE 10b
ELECTROPHORETIC BANDING PATTERNS OF ALKALINE
DISSOCIATED HEMOCYANINS
Electrophoretic banding patterns of alkaline dissociated 
Hcs stained with the protein specific stain Coomassie blue. 
Left to Right; O. ocellatus. P. spinimanus. P. gibbesii. 
dubia. L. emarainata. G. ingens, G. gigas, C. inagister, 
productus. C. antennarius, C. anthonyii, C. irroratus, 
borealis.
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FIGURE 1 1
D ENSITOMETRIC SCANS OF THE BANDING PATTERNS OF
PAGURID HEMOCYANINS
1 2
P . impressus P . lonqicarpus P . pollicaris C. vittatus
The area beneath the peaks indicate the relative 
concentrations of the individual polypeptides. "X"s on the
figures indicate that the polypeptides at these positions did
not stain positively for copper. The
are numbered. Anode is on the left,
A) P. i m p r e s s u s , B) P. longi c a r p u s , C 
vi t t a t u s .
confirmed He subunits 
cathode on the right, 
i P. p o l l i c a r i s . D) C.
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FIGURE 12
DENSITOMETRIC SCANS OF THE BANDING PATTERNS OF
CANCRID HEMOCYANINS
C .  p r o d u c t u s
C . a n t h o n y i i
The area beneath the peaks indicate the relative 
concentrations of the individual polypeptides. "X"s on the 
figures indicate that the polypeptides at these positions did 
not stain positively for copper. The confirmed He subunits 
are numbered. Anode is on the left, cathode on the right. 
A) C. antennar ius, B) C. anthonyi i , C) C. bo reali s , D) C. 
i r ro ratus, E) C. magi ste r , F) C. productus .
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FIGURE 13
DENSITOMETRIC SCANS OF THE BANDING PATTERNS OF
GRAPSID AND MAJID HEMOCYANINS
The area beneath the peaks indicate the relative
con c e n t r a t i o n s  of the individual polypeptides. "X"s on the 
figures indicate that the polypeptides at these p o s itions did
not stain posit i v e l y  for copper. The confirmed He subunits
are numbered. Anode is on the 3 eft, cathode on the right.
A ) S . c ine r e u m , B ) S . reti c u l a turn, C ) L . d u b i a , D ) L .
e m a r g i n a t a .
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FIGURE 14
DENSITOMETRIC SCANS OF THE BANDING PATTERNS OF
OCYPODID HEMOCYANINS
U
O. quadrata u. puqilator y. puqnax U. minax U. virens
The area beneath the peaks indicate the relative 
c o n c e n t r a t i o n s  of the individual polypeptides- "X"s on the 
figures indicate that the polypeptides at these positions did 
not stain p o s itively for copper. The confirmed He subunits 
are numbered. Anode is on the left, cathode on the right. 
. quad ra t a , B) U. p u g i 1 a t o r , C) U. p u q n a x , D) U. m i n a x , 
. v ir e n s .
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FIGURE 15
DENSITOMETRIC SCANS OF THE BANDING PATTERNS OF
PORTUNID HEMOCYANINS
P . qibbessi P . spinimanus 0. ocellatus
The are 
c o n c entrations
beneath the peaks indicate the relative 
of the individual polypeptides. "X"s on the
figures indicate that 
not stain posit i v e l y  
are numbered. Anode 
A) P. gi bbe s s i , B) P.
the polypeptides at these positions did 
for copper. The confirmed He subunits 
is on the left, cathode on the right. 
s p i n imanus, C) 0. o c e l l a t u s .
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FIGURE 1 6
DENS ITOMETRIC SCANS OF THE BANDING PATTERNS OF
MENIPPE HEMOCYANINS
B
M. mercenaria Hybrid M. adina
The area beneath the peaks indicate the relative
c o n c e n t r a t i o n s  of the individual polypeptides. "X"s on the 
figures indicate that the polype p t i d e s  at these p o s i tions did
not stain p o s itively for copper. The confirmed He subunits
are numbered. Anode is on the left, cathode on the right.
A) M. me r cena r i a , B) hybrid, C) m • a d i n a .
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FIGURE 17
DENS ITOMETRIC SCANS OF THE BANDING PATTERNS OF
XANTHID HEMOCYANINS
1 ., 34
3 4
3_4
P. herbstii P. obesus P. lacustris E . depressus C. floridanus
The area 
concen t r a t i o n s
the relative 
" X " s on the
beneath the peaks indicate 
'.uuucnuL i.iuuo of the individual polypeptides. s*. > u uc 
figures indicate that the polypeptides at these positions did 
not stain p o s i t i v e l y  for copper. The confirmed He subunits 
  1----- a * 3. - - -- ^1-----3 ~ right.are numbered. Anode is on the left 
A) P. herbstii , B) P. obesus , C) 
d e p r e s s u s , E ) C . flo r i d a n u s .
cathode on the 
P . lacustris , E.
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DISCUSSION
I. 02 Binding Characteristics
A. 02 Affinity
Typically, the Hc02 affinities from congeneric species 
studied here are significantly different throughout the pH 
range 7.2 - 8.0. There are several exceptions. The Hc02
affinities of C. borealis and C. anthonvii are the most 
exceptional; they are not significantly different below pH 7.5 
(fig. 5). Although significantly different, the actual P50 
values of the Hcs from congeneric species are often similar 
and in many cases the differences would have little if any 
physiological significance.
The H c 0 2 affinities from different genera within a family 
are typically significantly different throughout the pH range 
7.2 - 8.0 (figs. 1 - 9) . There are also exceptions. The Hc02 
affinities of the portunids O. ocellatus and P. spinimanus are 
not significantly different in the pH range 7.4 -7.6 (fig. 7) ; 
the H c 0 2 affinities of the ocypodid species U. pucrilator and 
0. cmadrata are not significantly different at pH 7.3 (fig. 
6) ; the Hc02 affinities of the xanthid species E. depressus 
and C. floridanus are not significantly different at pH 8.0 
(fig. 9) .
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The 02 affinities of Hcs from different families appear 
to be more distinct (figs. 1 - 9) . The differences between 
the six brachyuran families studied here may be, in part, the 
result of quite different ionic compositions of the salines 
used for each family. Specific ions such as Ca2+ and Mg2+ 
alter Hc02 affinities (Truchot, 1975; Miller and Van Holde, 
1981; Mason et al. , 1983 ; Morris et al. , 1988). Because of
this, comparisons of distantly related groups of species in 
the infraorder Brachyurea must be made with caution. Unlike 
the Hcs of the six brachyurean families studied here, the Hcs 
of the two anomuran families were studied under identical 
experimental conditions. The differences in function of the 
Hcs from these two families are dramatic (fig. 1). The Hc02 
affinity of the diogenid crab C. vittatus is much higher than 
the Hc02 affinities of the pagurids.
Differences in P50 of crustacean Hcs have been more 
closely correlated with temperature regime than with any other 
environmental factor. Mangum (1982) and Mauro and Mangum 
(1982) have suggested that a sort of physiological character 
displacement occurs in crustacean evolution, resulting in 
lower Hc 02 affinities in coldwater species and higher 
affinities in warmwater species at the same termperature; at 
environmental temperature the differences would thus be 
smaller. Several examples of this phenomenom have been 
observed here. The Hc02 affinities of the Panopeus species 
increase as the species become more tropical (table 1 and fig.
53
9) . The tropical Uca virens has a higher Hc02 affinity than 
the temperate U. pugilator (fig. 6). The shallow water 
subtidal species have higher Hc02 affinities than deeper water 
species. This generality, however, has at least one clear 
exception. Hc02 affinity in the Southern California Cancer 
anthonvii. albeit higher than that of the Pacific coldwater 
species, is essentially identical to that of the Atlantic 
coldwater C. borealis (fig. 5) . Although C. borealis has been 
reported as far south as Florida, it becomes subtidal south 
of Cape Cod, Mass. and occurs in progressively deeper waters 
in the more southern part of its range. In addition, clear 
differences in Hc02 affinity are found within the genera Uca 
and Sesarma as well as the family Xanthidae which are not 
clearly correlated with environmental temperature regime. 
For example: S. cinereum is the more southern of the two
species and yet it has the lower 02 affinity. In this case 
the difference may be related to ambient P02; while both 
species inhabit the upper intertidal, S. reticulatum burrows 
in muddy saltmarshes whereas S. cinereum lives in rock and 
pier crevices. Similarly, U. pugilator He has a lower 02 
affinity than that of the congeneric species, which may be 
related to ambient P02 in its sandier habitat; it is not a 
more northern species than U. puqnax and U. minax. The 
differences in Hc 02 affinity observed in each of these two 
genera cannot be due to geographic differences in temperature 
regime, but it may be due to temperature differences in the
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micro-habitats (table 1 and figs. 2 and 6).
In addition the Hc02 affinity of both of the mysids may 
be very high (fig. 4) in response to the hypoxic nature of 
their environment (Freel, 1978; N. Sanders and J.J. Childress, 
pers. comm.).
B. Bohr Shifts 
The Bohr shifts of the Hcs from species within a family 
are typically not significantly different (table 2) . 
Exceptions to this generality were observed in the Paguridae 
and Ocypodidae as well as the genus Menippe. The Bohr factor 
of P. longicarpus He is significantly different from the Bohr 
factor of P. pollicaris He. The Bohr factor of U. puqilator 
He is significantly different from that of O. cruadrata and the 
other three Uca Hcs. The Bohr factor of U. puqilator He is, 
moreover, more similar to the Bohr factor of 0. quadrata He 
than to the other Uca Hcs. This emphasizes the similarity of 
the He functional properties in these two species. It is also 
quite exceptional that the Bohr factors of the Hcs from M. 
adina and the Menippe hybrid are significantly different. 
Presumably the Menippe hybrid is more closely related to the 
two Menippe species than almost all of the other species 
studied here are related to one another.
C. Cooperativity 
The cooperativities of the Hcs are not significantly 
different within the genera Menippe, Libinia, Portunus. 
Sesarma. Pagurus. and Gnathophausia (table 2) . Furthermore,
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the significant differences of the cooperativities in the 
family Xanthidae are most likely the result of freezing the 
blood samples of C. f loridanus and P. lacustris. The 
cooperativities of Hcs within the Cancer and Uca genera are 
exceptional. They are significantly different in many cases. 
The cooperativity of C. productus He is not significantly 
different from the cooperativities of C. magister and C. 
irroratus. The cooperativities of the other Cancer species 
are all significantly different. It is very interesting that 
the Hc 02 affinities and Bohr shifts are so similar while the 
cooperativities are significantly different. It is also 
interesting that the cooperativities of the west coast species 
C. productus is not significantly different from the 
cooperativity of the east coast species C. irroratus.
The cooperativities of Hcs from different genera within 
a family are often significantly different. For example, the 
cooperativity of 0. cruadrata He is significantly different 
from three of the four Uca species (fig. 6 and table 2). The 
cooperativity of O. cruadrata He is not significantly different 
from that of U. puqilator. Once again this illustrates the 
functional similarities of these two Hcs. The cooperativities 
of the Hcs from hermit crabs in the family Diogenidae are 
significantly different from the Hcs in the family Paguridae 
(fig. 1 and table 2).
D. Overview of He Function
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The 02 binding characteristics of a He are expressed as 
the 02 affinity, cooperativity and Bohr shift. The
combination of these three properties determine the species 
specific 02 binding characteristics of the Hcs. Functionally, 
the Hcs display phylogenetic relationships. The Bohr shifts 
are highly conserved among the Hcs of a family. Generally, 
the Hc 02 affinities and cooperativities are not as highly 
conserved as the Bohr shifts but definite similarities are 
observed among the Hcs of species within a family.
The 02 binding characteristics of the Hcs from closely 
related species (within a family) were determined under 
identical experimental conditions. The functional properties 
of these Hcs presumably reflect the structural similarities 
of these molecules. Exactly which structural features 
determine which functional properties remains unclear at this 
time, although specific subunits have been shown to influence 
02 affinity (Jeffrey and Treacy, 1980? Johnson et al., 1987;
Mangum and Rainer, 198 8).
II. Subunit Composition
Bathocuprionic sulfonate was used to differentiate the 
copper containing He subunits from the non-Hc polypeptides 
present in the blood samples. The bathocuprionic sulfonate 
technique is capable of detecting . 1 nmol of protein-bound 
copper (Bruyninckx, et aJ., 1978). Some of the polypeptides 
are present in very low concentration in the blood samples.
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These low concentration polypeptides may be He subunits but 
are present in concentrations too low to detect using 
bathocuprionic sulfonate and presumably, too low to have an 
appreciable influence on respiratory function. For example, 
subunits comprising less than 5% of the total were positively 
identified in several species, suggesting that the lower limit 
of sensitivity lies somewhere in that range. At the numerical 
values of P50 found here, a subunit comprising less than 5% of 
the total would have to have an 02 affinity unknown among the 
crustacean Hcs to alter 02 affinity within the physiological 
pH range by as much as 1 mm Hg. These polypeptides are 
indicated with "x's" on figures 11 - 17. The polypeptides 
which did not stain positively for copper are excluded from 
the discussion of He subunits.
The crustacean Hcs are composed of from 2 to 8 distinct 
subunits (Van Holde and Miller, 1982; Mangum, 1985; Markl, 
1986 and fig. 10) each of which presumably differs in amino 
acid sequence (Jolles et al., 1979; Neuteboom et al., 1989).
Markl (198 6) showed that Uca urvillei He has only one 
immunological type of monomer but he did not mention the 
number of different electrophoretically separable ones. The 
He of U. minax is remarkable in that it contains only one 
electrophoretically separable subunit (figs. 10 and 14). The 
He of U. minax demonstrates that the typical 02 binding 
characteristics of the crustacean Hcs can occur in the absence 
of subunit heterogeneity (fig. 6). This has also been
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demonstrated for the Hcs of Cherax destructor (Jeffrey et al. , 
1976) and Panulirus interruotus (Johnson et al. , 1987) , but
not among brachyurans.
The present results confirm Markl1s (1986) conclusion 
that there is no relationship between subunit composition and 
the habitat of the species (Markl, 1986). For example, the 
Sesarma species are found in habitats very similar to those 
of the Uca species (U. minax. U. puqnax and U. puailatorl yet 
the subunit compositions of the Sesarma and Uca Hcs are 
clearly different (figs. 10, 13 and 14).
The phylogenetic relationships of the species are 
reflected in the subunit compositions (fig. 10). In general, 
the subunit compositions of congeneric species are more 
similar to one another than are the subunit compositions of 
more distantly related species. Nevertheless, considerable 
differences in subunit composition exist within the species 
clusters.
Several of the species studied are cryptic species which 
have only recently been described as separate, some remain 
controversial. P. herbstii and P. obesus are very similar 
morphologically (Williams 1983). What was previously P. 
herbstii (Edwards) is now regarded as a complex of 4 separate 
species (Williams, 1983), including P. obesus. As shown 
earlier these two cryptic species can be distinguished by the 
subunit compositions of their Hcs (Scheer and Williams, 1983). 
The pattern obtained here for the Chesapeake Bay P. herbstii
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appears to be identical to that shown for North Carolina 
animals by Scheer and Williams (1983). Our pattern for P. 
obesus. however, differs in that the bands they numbered 1 and 
2 did not stain for copper on our gels and the most cathodic 
subunit on our gels is far more so than on theirs. In 
addition our data show that the interspecific distinction 
includes repiratory properties.
The status of U. virens (Salmon and Astiades) remains 
uncertain. It is variously regarded as a subspecies of U. 
puonax. a separate species or a synonym of U. rapax (reviewed 
by Barnwell and Thurman, 1984). While the lack of information 
for U. rapax precludes discussion of the last point, our 
findings indicate that the difference in subunit composition 
between U. virens and U. puqnax is primarily quantitative, 
although the migration rates of subunit 4 may differ slightly. 
Because this magnitude of difference can be induced in the 
laboratory, (Mason and Mangum, 1983) the relationship of these 
Hcs should be explored further.
The two Menippe species studied here interbreed in nature 
to produce a hybrid. The subunit compositions of each of 
these species are unique (figs. 10 and 16). Unique subunits 
exist in each of these Hcs and subunits which migrate at the 
same rate (and have a very high degree of similarity at the 
level of primary stucture, (Neuteboom et aJL. , 1989)) in the
different species often differ in concentration.
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In an extensive examination of morphological and 
electrophoretic characters Bert (198 6) concluded that M. 
mercenaria (Say) is a supergroup of two semispecies, which 
were elevated to specific rank by Williams and Felder (1986). 
The two are believed to hybridize extensively in the region 
of overlap, viz. northwest Florida. While contrary results 
on the degree of isozymic differentiation were obtained by G. 
Kline (pers. com.), Bert et al. (1989) recently supported
their case with profiles of mitochondrial DNA restriction
pattern fragments, which fall into three groups as well. The 
present findings concur. While the functional differences 
between the Hcs of the two parent species are small or
nonexistent, those of the hybrid He are quite distinct. 
Subunit 2 found in M. mercenaria and the hybrid appear to be 
absent in M. adina and subunit 1 found in both parent species 
appears to be missing in the hybrid.
There is no clear relationship between the subunit 
compositions of congeneric species and geographic isolation 
(fig. 10 and table 1) . The population of U. virens from which 
we obtained our sample is allopatric to the sympatric
populations of the other three Uca species. The subunit 
composition of U. virens He is similar to that of U. minax. 
However, the subunit compositions of U. puqnax and U. 
puqilator He are more similar to one another than either is 
to the subunit composition of U. virens He (figs. 10 and 14; 
tables 1 and 3).
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The He of U. minax is composed of only one 
electrophoretically separable subunit (figs. 10 and 14). Most 
species have Hcs with several subunits, each present in 
different concentrations (table 3). The concentration of the 
subunit presumably reflects its structural and functional 
importance, although the available information suggests that 
interactions between subunits influence 02 binding (Johnson, 
et al., 1984). In the simplest relationship one might expect 
that those subunits present in the highest concentration 
contribute more to the functional properties of the Hcs than 
subunits present in lower concentration. This may not be true 
in all cases. Some subunits play specific structural roles 
in the Hcs (Markl, 1980; Markl et al., 1983; Stocker et al., 
198 6). For example, a particular subunit may allow the He to 
aggregate above the hexameric assembly level. In the Hcs of 
O. cruadrata and Callinectes sapidus the subunits which enable 
the He to aggregate to the dodecameric level are often present 
in lower concentration than some of the other subunits (Mason 
et al.. 1983; Johnson, 1987; Mangum and Rainer, 1988). The
concentrations of these subunits limit the number of 
dodecamers which 0. cruadrata He can form, thus hexamers out­
number dodecamers in the blood of this species 56 to 44% 
(Johnson, 1987).
III. The Relationship between He Structure and Function
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The crustacean Hcs occur in vivo as a mixture of hexamers 
and dodecamers with dodecamers predominating in most cases 
(Mangum, 198 5). The Hcs of the anomuran and Uca species are 
unique in that they occur solely in the form of hexamers 
(Markl, 1986) . The Hcs of O. cruadrata are different from most 
other brachyuran Hcs in that they occur as a mixture of 
hexamers and dodecamers with hexamers predominating (Johnson, 
1987). The ratio of hexamers to dodecamers does not appear 
to constrain the 02 binding characteristics of the Hcs. The 
pagurid Hcs ( 1 x 6 )  have exceptionally low 02 affinities, 
large Bohr shifts and high cooperativities (fig. 1 and table 
2) . The Uca Hcs (1 x 6) often have high 02 affinities, 
moderate Bohr shifts and low cooperativities (fig. 6 and table 
2) . Within the family Ocypodidae the He of O. cruadrata (1 x 
6 and 2 x 6) and the He of U. puqilator (1 x 6) are very 
similar functionally (fig. 6 and table 2).
In every case examined here the subunit compositions of 
closely related species contain unique subunits not found in 
the other species (fig. 10) and in every case the binding 
characteristics of the Hcs are species specific (figs. 1 - 9 )  
in some way, although the distinction may be small. This 
suggests that the subunit compositions influence the 02 
binding characteristics of the Hcs. It is not surprising that 
this is true. Johnson et al. (1987) have shown that 
artificial homohexamers of the He of Panulirus interruptus He 
differ in P50, cooperativity and modulator sensitivity. Mangum
63
and Rainer (1988) showed that Hcs of C. saoidus with different 
concentrations of three labile subunits differ in P5Q.
The present results also indicate that quite different 
subunit compositions do not necessarily influence 02 binding. 
The Hcs of the xanthids E. depressus and C. floridanus differ 
in subunit composition almost as much as any two Hcs examined 
here (figs. 10 and 17) ? the differences in Hc02 affinity, 
however, are trivial (fig. 8). The same point can be made 
about O. cruadrata and U. puqilator (figs. 6, 10 and 14) .
Perhaps the most interesting comparison is that of the Menippe 
Hcs. While the Hc02 binding properties of the two parent 
species are physiologically quite similar, the Hc02 affinity 
of the hybrid is distinctly lower, especially at high pH (fig. 
8). This difference appears to result from the enrichment of 
subunit 3, which is completely absent in M. adina and halved 
in M. mercenaria (figs. 10 and 16). The genetic relationship 
suggests dominance.
A number of investigators have observed that the 
functional properties of cooperativity, modulator sensitivity 
and the Bohr shift only occur at and above the hexameric level 
of association (e.g. Markl, 1986). Each of these phenomena 
results from subunit interactions induced by ligand binding. 
The Bohr shift presumably results from alterations in subunit 
conformation in response to H+ binding at a site other than 
the active site (Van Holde and Miller, 1982) . The Bohr shift 
is highly conserved among the Hcs of closely related species
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(table 2) . Differences in subunit composition have little 
effect upon this functional property. The subunit
compositions of the six Cancer species are all substantially 
different (figs. 10 and 12). Regardless, the Bohr shifts of 
the Hcs from these species are not significantly different 
(table 2) . The Hcs of U. puqilator and O. ouadrata have 
substantially different subunit compositions (fig. 10 and 
table 3) . While the Bohr shifts of these two species are 
significantly different, the Bohr shift of U. puqilator He is 
more similar to the Bohr shift of 0. ouadrata He than it is 
to the other Uca species (table 2) although the subunit 
composition of U. puqilator is more similar to the other Uca 
species than it is to O. ouadrata (figs. 10 and 14) .
The subunits of arthropod Hcs also interact to 
cooperatively bind 02. Presumably, 02 binds at the active site 
and produces conformational changes in the He subunits which 
are communicated to other subunits. The result is an 
alteration in the Hc02 affinity (see Van Holde and Miller, 
1982) . Cooperativity appears to be closely correlated with 
subunit composition (table 2 and fig. 10). For example, the 
02 affinities and Bohr factors of O. ovallipes and P. 
spinimanus Hcs are similar (fig. 7 and table 2). The 
cooperativities of these two Hcs are distinct (fig. 7 and 
table 2) as are the subunit compositions (figs. 10 and 15).
It appears that differences in cooperativity may reflect 
differences in He structure which are not evident in the 02
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affinities and Bohr shifts. This point is especially clear 
in the genus Cancer. The subunit compositions of the six 
Cancer species are all distinct (figs. 10 and 12) and the 
cooperativities are typically significantly different (table 
2) . Cooperativity does not appear to be correlated with 
subunit composition in the Ocypodidae (figs. 6, 10 and table 
2). The cooperativities of U. puqilator and 0. ouadrata Hcs 
are not significantly different and are distinctly different 
from the Hcs of the other Uca species.
The ratio of the subunits within a species He may 
influence the HcOz affinity. Recently deFur et al. (19 89) 
have demonstrated that the subunit ratio of C. sapidus He is 
altered in response to environmental hypoxia. The alteration 
in subunit ratio coincides with an increase in the Hc02 
affinity. It has also been observed that subunit
concentrations may be different in Hcs from different 
populations within a species. The subunit ratios of marine
C. sapidus individuals differ from individual from estuarine 
environments (Mason et al. , 1983; Mangum and Rainer, 1988).
The differences in the subunit ratios coincide with 
differences in the Hc02 binding characateristics (Mangum and 
Rainer, 1988).
The Hcs of closely related species often have subunits 
which migrate at the same rate but differ in concentration 
(fig. 10 and table 3). These subunits presumably have a high 
degree of structural similarity (they may be identical) but
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differ in their contribution to the structure of the Hcs in 
each species. If all else were equal, the differences in 
subunit concentration alone could result in differences in He 
function (Mason et al. , 1983; Mangum and Rainer, 1988; deFur
et al., 1989).
IV. Summary of He structural and Functional Relationships
The relationships between subunit composition and Hc02 
affinity are complex. The subunit compositions of the Hcs are 
species specific and may influence the Hc02 affinity, but not 
necessarily so. It appears that major alterations in subunit 
composition are required to alter the 02 affinities and Bohr 
shifts of the Hcs to a physiologically significant extent. 
In general, greater differences are found when the taxonomic 
relationship becomes more distant but, once again, this 
relationship is not absolutely necessary.
Hcs which differ substantially in subunit composition 
may be functionally similar, as observed for the Hcs of U. 
ouoilator and 0. cruadrata (figs. 6, 10, and 14) . Markl (1986) 
has observed that the Hcs of Uca species consist of alpha 
subunits only, while Ocypode Hcs contain a mixture of alpha 
and alpha prime subunits. Markl1s work suggests that the Hcs 
of these two species are substantially different structurally. 
However, these Hcs are functionally similar (fig. 6). This 
suggests that functional convergence can occur in structurally 
distinct Hcs.
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Lastly, it appears that small changes in subunit 
composition may result in significant functional differences 
in the He molecules. The subunit compositions of the Menippe 
hybrid and M. adina differ to a very slight extent yet the 02 
binding characteristics of these Hcs are significantly 
different (figs. 8, 10 and 16). The subunit compositions of 
U. ouqilator and the other Uca species are similar (figs. 10 
and 14) yet the He of U. ouqilator is functionally distinct 
from these other species (fig. 6).
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